Streptococcus pyogenes can cause invasive diseases in humans, such as sepsis or necrotizing fasciitis. Among the various M serotypes of group A streptococci (GAS), M3 GAS lacks the major epithelial invasins SfbI/PrtF1 and M1 protein but has a high potential to cause invasive disease. We examined the uptake of M3 GAS into human endothelial cells and identified host signaling factors required to initiate streptococcal uptake. Bacterial uptake is accompanied by local F-actin accumulation and formation of membrane protrusions at the entry site. We found that Src kinases and Rac1 but not phosphatidylinositol 3-kinases (PI3Ks) are essential to mediate S. pyogenes internalization. Pharmacological inhibition of Src activity reduced bacterial uptake and abolished the formation of membrane protrusions and actin accumulation in the vicinity of adherent streptococci. We found that Src kinases are activated in a timedependent manner in response to M3 GAS. We also demonstrated that PI3K is dispensable for internalization of M3 streptococci and the formation of F-actin accumulations at the entry site. Furthermore, Rac1 was activated in infected cells and accumulated with F-actin in a PI3K-independent manner at bacterial entry sites. Genetic interference with Rac1 function inhibited streptococcal internalization, demonstrating an essential role of Rac1 for the uptake process of streptococci into endothelial cells. In addition, we demonstrated for the first time accumulation of the actin nucleation complex Arp2/3 at the entry port of invading M3 streptococci.
for M3 S. pyogenes internalization. Rac1 was found to be activated in response to bacterial internalization, and genetic interference with Rac1 function significantly reduced uptake. Rac1 as well as the actin nucleation complex Arp2/3 was found to accumulate at streptococcal entry ports, strengthening the important role of this GTPase for uptake of M3 type streptococci into human endothelial cells.
EXPERIMENTAL PROCEDURES
Reagents and Antibodies-AG 957, c-Met kinase inhibitor II, genistein, LY294002, PP2, PP3, and VEGFR tyrosine kinase inhibitor IV were obtained from Calbiochem. Antibodies against Group A streptococci were developed in rabbits and protein A-purified. Polyclonal anti-phospho-Akt (Ser 473 ) was obtained from Cell Signaling (Frankfurt, Germany). Polyclonal phospho-Src antibody Tyr(P)-418 (recognizing phosphorylated Tyr-419 in human c-Src) was from BIOSOURCE International (Nivelle, Belgium), and polyclonal antibodies against Src PTKs (SRC2) and Akt were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Monoclonal antibody against phosphotyrosine (clone 4G10) was purchased from Upstate Biotechnology, Inc. (Lake Placid, NY). Monoclonal antibody against Rac1 (clone 102) was obtained from BD Biosciences (Heidelberg, Germany). Alexa Fluor-conjugated secondary reagents and phalloidin were from Invitrogen/Molecular Probes (Leiden, The Netherlands). Cy5-conjugated goat anti-rabbit IgG was purchased from Millipore (Schwalbach/Ts, Germany).
Bacterial Strains and Cell Culture-Escherichia coli HB101 harboring pGEX-6P-1, pGEX-2T-PAK-CRIB, pEGFP-wtRac1, and pEGFP-.dnRac1 were cultured in Luria-Bertani broth with antibiotic selection. The M3 serotype S. pyogenes strains A60 and A128 were grown in tryptic soy broth (BD Biosciences) at 37°C. The green fluorescence protein (GFP) expression vector pAT18-GFP (kindly provided by I. Nakagawa) containing the recA promoter region (15) was transformed into GAS strain A128 by electroporation as described (16) .
HUVEC were obtained from PromoCell and cultured in endothelial cell growth medium 2 (EGM2; PromoCell, Heidelberg, Germany) containing 2% fetal bovine serum (FBS) at 37°C, 5% CO 2 , and 90% humidity. For infection assays, cells were seeded onto gelatin-coated coverslips at a concentration of ϳ1 ϫ 10 5 cells/ml (500 l/well) and gelatin-coated 6-cm diameter tissue culture dishes at a concentration of 2 ϫ 10 6 cells/ml and grown to confluence, respectively.
Ectopic Expression of GTPase Derivatives in HUVEC-Wildtype Rac1 and dominant negative Rac1 were expressed as GFP fusions. HUVEC were transfected with the Amaxa nucleofection system (Amaxa, Cologne, Germany), applying the standard protocol as specified by the manufacturer. Plasmids were purified with the EndoFree plasmid purification kit from Qiagen (Hilden, Germany).
Infection Assay-Two hours before adding the bacteria, the EGM2 medium with growth factors and antibiotics was replaced by antibiotic-free EGM2 medium containing 2% FBS. Bacteria were grown in tryptic soy broth, harvested by centrifugation, washed once with PBS, and resuspended in EGM2 with 2% FBS. Bacteria were added to the cells to give a multiplicity of infection of 1:20, plates were incubated for defined times, and wells were washed with PBS to remove non-adherent bacteria and fixed in appropriate buffers before microscopic analysis. For biochemical analysis, cells were serum-starved in EGM2 containing 0.1% FBS, and infections were synchronized using a modified protocol, as described previously (17) . Briefly, bacteria were allowed to bind to confluent HUVEC grown in 6-cm diameter dishes for 10 min at 21°C at a multiplicity of infection of 1:50 in EGM2. Following incubation, medium was removed, fresh medium prewarmed to 37°C was added, and samples were shifted to 37°C. This procedure gave a final multiplicity of infection of 1:15. The cells were incubated for the indicated times and processed for biochemical analysis. In inhibition experiments, pharmacological inhibitors were added to HUVEC for 15 min (PP2 and PP3), 30 min (AG 957, c-Met kinase inhibitor II, VEGFR tyrosine kinase inhibitor IV), 45 min (LY294002), or 60 min (genistein) prior to infection.
Immunofluorescence Microscopy-For immunolabelings, cells were fixed with 3% paraformaldehyde in PBS for 15 min, quenched with 10 mM glycine in PBS, and permeabilized with 0.1% Triton X-100 in PBS. For phalloidin stainings, cells were fixed with a mixture of 3% paraformaldehyde and 0.2% Triton X-100 in modified cytoskeleton buffer (10 mM MES (pH 7.0), 150 mM NaCl, 5 mM EGTA, 5 mM MgCl 2 , 5 mM sucrose) for 20 min and quenched with 10 mM glycine in PBS. Double immunofluorescence staining of streptococci was done as described previously (11) . For detecting tyrosine-phosphorylated proteins, permeabilized cells were blocked in PBS with 5% horse serum, 1% bovine serum albumin (blocking buffer) for 30 min at room temperature and subsequently incubated with monoclonal mouse anti-phosphotyrosine (1:200, clone 4G10) in blocking buffer for 45 min at room temperature. Samples were washed twice in PBS and incubated with Alexa Fluor 568-conjugated goat anti-mouse IgG (Invitrogen) for 30 min at room temperature. Antibody dilutions were as follows. For Src kinase labeling, polyclonal rabbit IgG antibodies were 1:50 diluted (0.2 mg/ml stock solution); for Arp2/3 labeling, antip16 hybridoma supernatant (kindly provided by T. Stradal, Helmholtz-HZI, Braunschweig) was used undiluted. The bound primary antibodies were visualized with Alexa Fluor 568-conjugated goat anti-mouse IgG (Invitrogen). F-actin was labeled with Alexa Fluor 488-conjugated phalloidin and Alexa Fluor 568-conjugated phalloidin (Invitrogen), respectively, for 20 min at room temperature. Coverslips were washed three times in PBS and then mounted using ProLong Gold with 4Ј,6-diamidino-2-phenylindole (Invitrogen).
Mounted samples were examined using a Bio-Rad MRC1024UV (Bio-Rad), as described previously (11) , or a Zeiss LSM 510 Meta (Zeiss, Jena, Germany) confocal laser-scanning microscope equipped with a 100ϫ, 1.3 numerical aperture Plan-NEOFLUAR objective (Zeiss). Epifluorescence images were acquired on an inverted microscope (Axiovert 200 M; Zeiss), which was equipped with a 100ϫ, 1.3 numerical aperture Plan-NEOFLUAR objective (Zeiss) and an interline transfer, progressive scan CCD camera (Coolsnap HQ ; Photometrics, Tucson, AZ) driven by Metamorph software (Molecular Devices Corp., Downingtown, PA) All images were deconvolved using Huygens Essential (Hilversum, The Netherlands). Image stacks are represented as extended depth of field (18) or maximum intensity projection and were processed for contrast and brightness with ImageJ.
Time Lapse Microscopy-Live cell imaging was performed at 37°C in 5% CO 2 with cells grown in -Slides (-Slide 8 well; Ibidi, Munich, Germany). Cells were infected with EGFP-expressing M3 GAS (A128) with a multiplicity of infection of 20, and samples were mounted in an incubation chamber (Zeiss) for temperature and CO 2 control. Imaging was performed on an inverted microscope (Axiovert 200 M; Zeiss), which was equipped with a 100ϫ, numerical aperture 1.3 Plan-NEOFLUAR objective (Zeiss) and an interline transfer, progressive scan CCD camera (Coolsnap HQ ; Photometrics) driven by Metamorph software (Molecular Devices) attached to a MultiSpec-Imager TM (Visitron Systems, Puchheim, Germany) for simultaneous imaging in the enhanced GFP and phase contrast channel. A 100-watt halogen lamp was used for illumination. Video frames were deconvolved using Huygens Essential (Hilversum, The Netherlands) and processed for contrast and brightness using ImageJ.
Scanning Electron Microscopy-Following infection, cells were fixed with a solution containing 2% glutaraldehyde and 3% formaldehyde in cacodylate buffer for 1 h on ice and washed with cacodylate buffer. After washing several times in Tris/ EDTA buffer, samples were dehydrated with a graded series of acetone (10, 30, 50, 70 , 90, 100%) on ice, each step 15 min, followed by critical point drying with liquid CO 2 . Samples were sputter-coated with an ϳ10-nm-thick gold film before examining in a Zeiss field emission scanning electron microscope DSM982 Gemini (Zeiss) at an acceleration voltage of 5 kV using the Everhart Thornley SE detector and the inlens-SE detector in a 50:50 ratio. Images were digitally recorded on MO-disks and processed for contrast and brightness using ImageJ.
Cell Lysis, Pull-down Experiments, and Western Blotting-At the indicated times, infected HUVEC were washed once with PBS containing 1 mM MgCl 2 and 1 mM CaCl 2 and lysed in icecold modified radioimmune precipitation assay buffer (25 mM Hepes (pH 7.4), 1% Nonidet P-40, 0.25% sodium deoxycholate, 10% glycerol, 150 mM NaCl, 1 mM EDTA, 10 mM sodium pyrophosphate, 50 mM NaF, 2 mM NaVO 3 , 2 mM phenylmethylsulfonyl fluoride, Complete Mini TM (Roche Applied Science). Equivalent amounts of the cleared lysates were added to an equal volume of reducing 2ϫ SDS sample buffer, and the proteins were separated by SDS-PAGE. Proteins were transferred to nitrocellulose and blocked (5% bovine serum albumin and 5% skim milk, respectively, in Tris-buffered saline containing 0.05% Tween (TBS/T)) for 1 h at room temperature. The membranes were incubated with a 1:1000 dilution of the polyclonal antibodies against Src kinase and phospho-Src kinase (Tyr(P)-419) overnight at 4°C and visualized by enhanced chemiluminescent detection methods.
For Rac activation assays, glutathione S-transferase (GST) fusion of PAK-CRIB was immobilized on glutathione-Sepharose 4B (Amersham Biosciences) in bacterial lysis buffer (10 mM Tris-HCl (pH 8.0), 20% sucrose, 10% glycerol, 2 mM MgCl 2 , 2 mM dithiothreitol, 2 mM phenylmethylsulfonyl fluoride. Lysates from infected HUVEC were prepared as follows. Infected cells were washed once with PBS containing 1 mM MgCl 2 and 1 mM CaCl 2 and lysed in 150 l of ice-cold lysis buffer (50 mM TrisHCl (pH 7.4), 1% Nonidet P-40, 10% glycerol, 100 mM NaCl, 2 mM MgCl 2 , 2 mM phenylmethylsulfonyl fluoride, Complete Mini TM (Roche Applied Science) at the indicated times. Samples were centrifuged for 10 min at 15,000 ϫ g, and the supernatant was used for pull-down assay. 30 l of GST-PAK-CRIB beads were added to each sample and rotated at 4°C for 30 min. Beads were collected by centrifugation and washed twice with lysis buffer. To each sample, 20 l of reducing SDS sample buffer were added, and a 15% SDS-PAGE with subsequent transfer of proteins onto nitrocellulose was performed. After blocking (5% skim milk in TBS/T) for 1 h at room temperature, the membranes were incubated with a 1:1000 dilution of monoclonal anti-Rac1 antibody overnight at 4°C, and visualized by enhanced chemiluminescent detection methods. The intensity of the bands was quantified using ImageJ.
Statistical Analysis-Statistical comparisons were made using Student's t test and Tukey multiple comparison post hoc test, respectively, with R 2.5.0 software. Values are expressed as means Ϯ S.E. for at least three independent experiments.
RESULTS

High Resolution FESEM and Fluorescence Microscopy of
Adherent and Invading M3 GAS-S. pyogenes has evolved multiple mechanisms for invasion of a wide variety of mammalian cells, which show remarkable differences at the ultrastructural level. For M1 protein-expressing GAS, an increase of microvilli-like structures in the vicinity of adherent streptococci that appear to entrap the bacteria was shown (12) . We have recently shown that SfbI-expressing streptococci induce the accumulation of small -shaped structures, so-called caveolae, in the host cell membrane, near adherent streptococci, which are subsequently taken up by large membrane invaginations (11) . However, the interaction of the M3 serotype strains A60 and A128 with the surface of HUVEC revealed that following attachment to the apical surface of the cells, M3 GAS induced the formation of membrane protrusions that tightly engulf the invading streptococci. Morphologically, this mechanism resembles a receptor-ligand interaction and does not show any accumulation of caveolae or microvilli (Fig. 1A) . On the level of the actin cytoskeleton, M3 streptococci induced F-actin-rich structures that surrounded invading GFP-expressing streptococci (Fig. 1B) , as shown by phalloidin staining. These observations suggest the occurrence of kinase and GTPase activation that in turn activate the actin polymerization machinery to provide the driving forces for the dynamic membrane rearrangements during the invasion process.
Internalization of M3 GAS Requires Host Tyrosine Kinase Activity-Binding of bacteria to eukaryotic cells involves the interaction of bacterial factors with cellular receptors that subsequently leads to receptor activation and recruitment of signaling enzymes. Protein tyrosine phosphorylation is one of the early cellular responses following receptor stimulation. Fluorescence microscopy of HUVEC infected with S. pyogenes A128 and stained with an anti-phosphotyrosine antibody revealed an accumulation of tyrosine-phosphorylated proteins at sites of actin rearrangement in the vicinity of cell-associated bacteria ( Fig. 2A and Fig. S1A ). Western blot analysis of cell extracts showed an increase of tyrosine-phosphorylated proteins in infected cells, compared with non-infected cells (data not shown). To further address the role of cellular PTKs in S. pyogenes internalization, we incubated HUVEC with genistein, a general inhibitor of PTK activity. Pretreatment of HUVEC with increasing concentrations of genistein blocked S. pyogenes internalization in a dose-dependent manner, resulting in 70% inhibition at 50 M genistein (Fig. 2B) .
Several host PTKs have been shown to be activated in during interaction of pathogens with host cells (19 -22) . To investigate whether particular non-receptor and receptor PTKs are involved in M3 GAS internalization, we blocked Src family PTKs (PP2; 1 M) and the PTK c-Abl (AG 957, 10 m) as well as the receptor PTKs c-Met (250 nM) and VEGFR (250 nM) with specific inhibitors (Fig. S2 ). These concentrations were at least 8 times above the reported IC 50 value. Clearly, inhibition of Src PTKs by PP2 significantly impaired uptake of S. pyogenes A128 (p Ͻ 0.01, n ϭ 3 experiments), whereas AG 957, c-Met inhibitor, and VEGFR kinase inhibitor had no effect (Fig. S2 ). These findings show the importance of host PTKs and Src family PTKs in particular in the regulation of S. pyogenes internalization into endothelial cells.
Src Kinase Activity Is Essential for M3 GAS Internalization into HUVEC-The Src kinase family has been shown to be activated during internalization of pathogenic bacteria into nonphagocytic cells (19, 23) , and the Src PTK inhibitor PP2 significantly blocked the internalization of M3 GAS. Fluorescence microscopy of HUVEC infected with M3 S. pyogenes revealed an accumulation of Src kinase together with F-actin at bacterial entry sites (Fig. 2C and Fig. S1B ). To further address the role of Src PTKs in S. pyogenes invasion, we preincubated HUVEC with increasing concentrations of the Src PTK inhibitor PP2 and with its inactive homolog PP3, respectively. Inhibition of Src PTKs by PP2 blocked uptake of S. pyogenes in a dose-dependent manner, resulting in more than 85% inhibition at 10 M inhibitor, whereas its inactive homolog PP3 had no effect (Fig. 2D) .
To study the effect of Src inhibition on membrane protrusions and actin accumulation, we preincubated HUVEC with 10 M PP2, subsequently infected with S. pyogenes A128, and analyzed the cells using FESEM and immunofluorescence microscopy. In non-treated cells, invading M3-type streptococci were engulfed by the typical membrane protrusions (Fig.  3A, ctrl) . In contrast, inhibition of Src activity completely abolished formation of the protrusive membrane structures; only the formation of microspike-like structures could be observed in the vicinity of adherent streptococci (arrows in Fig. 3A, PP2) . Quantification of the fluorescence signals obtained separately in the red or green channels clearly showed a sharp increase in the local concentration of F-actin over a distance of 1-2 m in the vicinity of attached S. pyogenes A128, whereas in cells pretreated with the Src kinase inhibitor PP2, no F-actin accumulation was found (Fig. 3, B and C) . These results clearly point to an involvement of Src family kinases during the uptake of M3 GAS.
Src Activation Mediates S. pyogenes A128 Entry-To test whether Src kinase activity is altered in HUVEC following S. pyogenes infection, we analyzed the activation status of Src using phosphospecific antibodies to detect phosphorylation of Src at regulatory tyrosine residues. Thus, cells were serum-starved for 6 h, infected for the indicated times with S. pyogenes A128, or left uninfected. Following lysis, the samples were analyzed by Western blotting with a phosphospecific antibody recognizing the phosphorylated tyrosine residue 419 in the activation loop of human c-Src. As shown in Fig. 4A , S. pyogenes induces phosphorylation of Tyr 419 in a time-dependent manner compared with non-infected cells (ctrl), resulting in a maximum 3.5-fold activation after 60 min of infection (Fig. 4B) . Taken together, these results provide evidence that cellular Src kinase function is required for bacterial internalization.
Internalization of M3 GAS and Accumulation of Actin Are PI3K-independent-The lipid kinase PI3K has been shown to be required for the formation of membrane protrusion and actin cytoskeleton rearrangements downstream of many growth factors (24) . Importantly, PI3K is also required for M1-and SfbI-mediated entry of GAS (8, 10) .
To investigate the role of PI3K in the activation of Rac by M3 streptococci, we first treated HUVEC with the PI3K inhibitor LY294002 and subsequently infected them with M3 GAS. As shown in Fig. 5A , inhibition of PI3K did not significantly (p ϭ 0.063, n ϭ 6 experiments) reduce the number of intracellular bacteria; nor did it alter the number of adherent bacteria (data not shown) at a concentration of 50 M LY294002, a concentration that significantly blocked M1-mediated (8) and SfbImediated 3 uptake of S. pyogenes. To show that the inhibitor is able to block PI3K activity efficiently in the system used, we stimulated serum-starved HUVEC with 10% fetal calf serum, and the phosphorylation status of Akt1, a downstream substrate of class I PI3Ks, was monitored. As shown in Fig. 5B , stimulation with fetal calf serum induced a strong phosphorylation of Akt compared with untreated control cells, whereas in LY294002-treated cells, the phosphorylated form of Akt was undetectable.
3 A. Nerlich, unpublished results. If uptake of M3 GAS is PI3K-independent, accumulation of actin at streptococcal entry site should be detectable in the presence of the inhibitor. To determine whether the inhibition of PI3K by LY294002 resulted in an inhibition of actin polymerization at streptococcal entry sites, we stained for F-actin. Control cells treated with the vehicle alone (Fig. 5C) showed the typical F-actin accumulation, similar to those seen previously (Fig. 1B) . The addition of LY294002 had no obvious effect on the formation of F-actin in the vicinity of invading streptococci (Fig. 5C ). In contrast, PP2 treatment totally abolished formation of F-actin accumulations (Fig. 5C ). These data indicate that inhibition of PI3K did not impair F-actin assembly during uptake of M3 streptococci.
Rac1 Is Required for Internalization of M3 Streptococci-It is known that activation of Rac1 leads to localized F-actin polymerization at the cell periphery, resulting in the formation of membrane protrusions (25) , a process that can be activated by Src and PI-3 kinases (26, 27) .
To analyze whether Rac1 is required for the uptake of M3 streptococci, we transiently expressed wild type Rac1 (GFPwtRac1) and a dominant negative form of Rac1 (GFP-dnRac1) fused to GFP and quantified the number of internalized bacteria by fluorescence microscopy in individual HUVEC expressing GFP-wtRac1 and GFP-dnRac1, respectively. Ectopic expression of the dnRac1 had a dramatic effect on uptake; HUVEC overexpressing GFP-dnRac1 showed a reduction in the number of internalized bacteria (Fig. 6A) . The defect in bacterial uptake was not the result of decreased bacterial adherence to the target cells, since cells overexpressing GFP-dnRac1 had approximately the same number of adherent bacteria (Fig.  6A) . The expression of wtRac1 had no effect on the ability of the cells to internalize bacteria as compared with non-transfected cells (data not shown). However, a strong accumulation of GFP- 6. Rac1 is required for M3 S. pyogenes internalization into endothelial cells. HUVEC were transiently transfected with GFP-tagged N17Rac1 and wtRac1, respectively, infected with S. pyogenes A128 for 1 h, and analyzed by fluorescence microscopy. A, in HUVEC expressing GFP-dnRac1, mostly extracellular streptococci (magenta) were found, whereas GFP-wtRac1-expressing HUVEC showed numerous intracellular streptococci (yellow/red). The arrows highlight streptococcal chains with strong GFP-wtRac1 accumulation that are in the process of entering the cell. Bar, 10 m. B, quantification showed a 85% reduction of intracellular streptococci in GFP-N17Rac1-expressing cells. The graph shows the mean number of intracellular streptococci Ϯ S.E. of three independent experiments (*, p Ͻ 0.005).
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wtRac1 was visible at certain stages of the uptake process (arrowheads in Fig. 6A ). Quantitative analysis showed an 85% reduction of intracellular bacteria in GFP-dnRac1-expressing cells compared with cells expressing GFP-wtRac1 (Fig. 6B) . These results demonstrated that functional Rac1 is important for invasion of M3 streptococci.
Rac1 Accumulates with F-actin at Streptococcal Entry Sites in a PI3K-independent
Manner-In the next step, we further assessed whether these strong accumulations of GFP-wtRac1 were accompanied by the cytoskeletal rearrangements induced by S. pyogenes. As described above, HUVEC were transiently transfected with the GFP-tagged version of wild-type Rac1. Transfected cells were infected with S. pyogenes A128, and recruitment of GFP-wtRac1 and F-actin was analyzed by confocal microscopy. As shown in Fig. 7 , both accumulation of F-actin and GFP-wtRac1 were observed during internalization of streptococci. Co-accumulation of both proteins occurred only at certain stages of internalization (arrows in Fig. 7A ), since streptococcal chains that show sole accumulation of Rac1 were also observed (arrowheads in Fig. 7A ). Quantitative analysis of the spatial distribution of GFP-wtRac1 and actin pointed at a locally confined co-accumulation of both proteins within a 1-2 m range surrounding the invading streptococci (Fig. 7,  B and C) .
Having shown that internalization of M3 streptococci is PI3K-independent, we asked whether PI3K was involved in Rac1 recruitment upon S. pyogenes infection. For this purpose, cells were transfected with GFP-wtRac, pretreated with the vehicle or 50 M LY294002, and infected with GAS A128 for 20 min. In inhibitor-treated cells (Fig. S3) , we observed the typical accumulation of GFP-wtRac1 at the entry port of streptococci similar to those seen in vehicle-treated control cells. These Rac1 accumulations were also positive for F-actin in both cases (data not shown). Taken together, these results demonstrated that M3 GAS induced localized recruitment of Rac1 and suggested that Rac1 might be involved in actin rearrangements guiding streptococcal internalization.
Activation of Endogenous Rac1 and Dynamics of GFP-Rac1 in M3 GAS-infected Cells-Since
Rac1 appears to be required for uptake of M3 type streptococci, internalization of streptococci should result in an increase of GTP-bound Rac1 within the cells. To measure Rac1 activation, we used an affinity precipitation method to pull down the activated, GTP-bound form of Rac1 based on its specific binding activities to the CDC42Hs/ Rac binding domain of human Pak1 (PAK-CRIB) that was fused to GST (28) . HUVEC were serum-starved for 2 h to reduce the basal levels of active Rac1 and subsequently infected with S. pyogenes A128. Active Rac1 was precipitated and detected by immunoblot analysis with anti-Rac1 antibodies. Rac1 activation was detected 15 min postinfection and lasted during the examined course of infection (Fig. 8A) . The relatively small amount of active Rac1 is in line with the view that attached streptococci provide a locally confined and transient stimulus. In Fig. 8B , the activation of Rac1 in response to stimulation with 100 ng/ml epidermal growth factor is shown. The specificity of this assay was verified by subjecting uninfected, serum-stimulated HUVEC to a pull-down assay with GST and subsequent anti-Rac1 immunoblotting (data not shown). These results demonstrate Rac1 activation during uptake of M3-type streptococci into endothelial cells.
To analyze Rac1 dynamics during streptococcal entry in more detail, we monitored the infection process by time lapse microscopy in GFP-wtRac1-expressing HUVEC. Fig. 8C shows one partially ingested (arrow) and one adherent (arrowhead) streptococcal chain ϳ15 min after starting the infection. The adherent streptococci induced accumulation of GFP-wtRac1 within minutes after contact with the host cell surface (see also Movie S1). Interestingly, Rac1 accumulation lasted during the analyzed period of time, suggesting that there might be additional functions for Rac1 within later stages of the uptake process.
Actin Nucleation Arp2/3 Accumulates at Streptococcal Entry Sites-Since the small GTPase Rac1 appears to be essential for promoting the uptake of M3 streptococci, we attempted to analyze the role of the Arp2/3 complex. This effector complex may regulate actin nucleation downstream of Rac1 and, thus, is a potential candidate for governing the observed actin accumulation in the vicinity of invading M3 streptococci. HUVEC were infected with S. pyogenes A128, and the cellular distribution of Arp2/3 was examined using antibodies directed against the 16-kDa subunit of the Arp2/3 complex (29). Arp2/3 was localized to the edges of the cell (arrow in Fig. 9 ). Furthermore, distinct aggregation of Arp2/3 could be observed adjacent to the streptococcal chain shown in Fig. 9 . Most strikingly, bacteria captured just entering into HUVEC showed dense Arp2/3 localization around nascent phagosomes that also show F-actin accumulation (data not shown). Thus, recruitment of the Arp2/3 complex and accumulation of F-actin are temporarily and spatially linked to invading streptococci.
DISCUSSION
Group A streptococcal invasion into endothelial cells might represent a mechanism for transmigration and subsequent spreading of this important human pathogen into deeper tissues. Thus, investigation of the molecular mechanisms governing streptococcal internalization into cells of the vessel wall is of considerable importance to understand the basis of invasive streptococcal disease. For the European and North American scenarios, clinical reports and epidemiological studies have repeatedly shown an association of GAS strains of M serotypes 1, 3, and 28 with invasive infections (30 -32) . For patients with a defined portal of entry, serotypes M1 and M3 account for more than 40% of all isolates (6) . Interestingly, differences between these serotypes and their capacity to interact with endothelial cells have been observed. Bryant and co-workers (33) found that M3 GAS are able to specifically interact with endothelial cells, resulting in a tissue factor-mediated procoagulant response by these cells. Furthermore, it was shown that M3 GAS were more efficiently internalized by HUVEC compared with an M2 serotype strain (7) . This is in accordance with our findings showing efficient internalization of M3 streptococci but not of M1-streptococci, for example, into HUVEC. 4 In the present work, the contribution of host signaling molecules in uptake and cytoskeletal rearrangement was investigated, and host cell signaling factors involved in bacterial internalization were identified. Actin recruitment and clustering of tyrosine-phosphorylated proteins were observed underneath attached bacteria. Changes of actin-dependent membrane dynamics are regulated by tyrosine kinases and are associated with the uptake of numerous pathogens into non-phagocytic mammalian cells. In particular, Src family kinases, which associate with different membrane receptors and activate a large number of signaling and cytoskeletal proteins, seem to be critical for the uptake process. We have shown that the pharmacological inhibition of Src kinases severely diminished the formation of membrane protrusions and bacterial uptake by endothelial cells, whereas inhibition of c-Abl kinase and the receptor tyrosine kinases c-Met and VEGFR tyrosine kinase did not inhibit uptake of M3 GAS significantly. Furthermore, phosphorylation of Src kinase during the course of infection was shown, which is indicative for the transient activation of the kinase. The non-receptor kinases of the Src family are usually activated in response to ligand binding, which can be growth factors or proteins of the extracellular matrix. Their activation is an important event for signal transduction pathways that coordinate cell migration, differentiation, and proliferation 4 S. R. Talay, unpublished results. FIGURE 8. Activation of Rac1 and Rac1 dynamics in M3 GAS-infected HUVEC. Serum-starved HUVEC were infected with S. pyogenes A128 for the indicated times (in minutes) or left uninfected, and activation of Rac1 was determined by a Rac activation assay. A, an increase of active Rac1 (GTP-Rac1; top) was detected 15 min postinfection and lasted during the examined course of infection. Cellular extracts were immunoblotted with anti-Rac1 antibodies to indicate a similar concentration of Rac1 (total-Rac1) in each sample (bottom). The numbers below the representative blot show -fold increase of GTP-Rac1 normalized to total-Rac1 (means of three independent experiments). B, activation of Rac1 in HUVEC after stimulation with 100 ng ml Ϫ1 epidermal growth factor (EGF) for 3 min is shown. C, using time lapse microscopy, the dynamics of GFP-wtRac1 in transfected HUVEC 15 min after starting the infection were recorded using the GFP channel and phase contrast. One streptococcal chain with partial GFP-wtRac1 accumulation that is in the process of entering the cell is shown (arrow, first frame). Attached bacteria (arrowhead, first frame) induced local accumulation of GPF-wtRac1 within minutes after contact with the cell. Elapsed time, in minutes, from the beginning of the recording is indicated. Bar, 5 m. processes but also for internalization of pathogens (for a review, see Ref. 34) . Notably, Src family kinases have also been shown to be required for the integrin-initiated invasion processes induced by other pathogenic bacteria, including Yersinia pseudotuberculosis, which directly interacts via the invasion protein with ␤ 1 -integrins to induce their uptake into host cells (35) , and Staphylococcus aureus, which binds indirectly via fibronectin to ␣ 5 ␤ 1 -integrins, thereby inducing their internalization (19) . The latter mechanism is also used by SfbI/protein F1-expressing S. pyogenes strains to invade epithelial host cells by an Src kinase-dependent mechanism that is characterized by the absence of ␣-actinin and a weak staining of polymerized F-actin around entering bacteria (13) . In contrast, M3 GAS do not express SfbI/prtF1 (14) , and we found accumulation of ␣-actinin in the vicinity of invading bacteria. 3 To our knowledge, we have characterized for the first time an Src kinase-dependent internalization mechanism of S. pyogenes into endothelial cells that was so far only shown for E. coli, Neisseria meningitidis, Pseudomonas aeruginosa, and group B streptococci (36 -39) . Further studies are required to identify the receptor-receptor complexes required for the uptake process and the signaling components that transduce these signals to the kinases of the Src family.
A number of studies have shown that the receptor mediated invasion of Y. pseudotuberculosis, S. aureus, E. coli K1, N. meningitidis, and P. aeruginosa as well as the uptake of SfbI and M1-expressing GAS relies on activation of PI3K (10, 23, 40 -43) . The observation that the internalization of M3 GAS cannot be blocked significantly by LY294002 demonstrated that PI3K activity is not required for F-actin accumulation and uptake of the bacteria and is therefore unique for M3 streptococci. PI3K-dependent and -independent guanine nucleotide exchange factors have been shown to play a role in RTK-mediated Rac1 activation. One example is the Rac1 guanine nucleotide exchange factor Tiam-1, which has been shown to activate the GTPase PI3K-independently (44, 45) , whereas other reports have demonstrated PI3K dependence (46, 47) . In a recent report, Inoue and Meyer (48) presented an AND-gate model for cell migration that explains how PI3K-dependent and -independent signaling pathways can regulate actin dynamics within the same cell. Therefore, it will be interesting in the future to analyze which regulatory networks are involved in M3 GAS uptake and how they facilitate activation of Rac1 in a PI3K-independent manner. Dynamic assembly of actin filaments at the cell cortex in response to extracellular stimuli like growth factors or bacterial pathogens generates the forces for membrane protrusions and is tightly regulated by Rho family GTPases and actin nucleation factors, such as the Arp2/3 complex (49), which in turn can be activated by Src family kinases. Particularly, Rac1 has been shown in several situations to be distributed to sites of dynamic actin assembly, including lamellipodia, membrane ruffles, and bacterial entry sites (50) .
Cywes and Wessels (5) demonstrated co-localization of M3 GAS and Rac1 at bacterial attachment points with subsequent Rac1-mediated actin polymerization and opening of intercellular junctions facilitating a paracellular translocation of M3 GAS in an epithelial model system. We also showed accumulation of Rac1 at the point of attachment of GAS to the endothelial surface that is accompanied by rearrangements of the actin cytoskeleton. In contrast to the above mentioned study in which GAS were seen predominantly at extracellular sites, we were able to show that attached bacteria are taken up by the cells and transported from the cell periphery to a perinuclear region of the cell. By means of genetic interference with Rac1 function, we were able to demonstrate the importance of Rac1 in the uptake process of M3 streptococci. In line with this view are the biochemical data that show an increase of active Rac1 during the course of infection. Our electron microscopic studies, showing tight engulfment of the bacteria and formation of membrane protrusions, support the hypothesis that Rac1 is the major player regulating host cell internalization of M3 GAS. However, we cannot exclude an involvement of Cdc42, the GTPase traditionally associated with filopodia (long membrane-bound filaments projecting from the mammalian surface) during the initiation of these protrusive membrane structures. Analysis of temporal and spatial distribution and activation of both GTPases during phagocytosis revealed Cdc42 accumulation and activation at the advancing tip of the pseudopod, whereas Rac1 demonstrated activation along the sides of the extending pseudopod and on the inner phagosomal membrane (51) . The prolonged activation of Rac1 indicates that the GTPase also plays a role in later stages of the infection, since it has been shown that Rac1 is also involved in activation of Nox1-and Nox3-based NADPH (52).
Rac1 itself is not able to directly activate the polymerization of actin or interact with actin nucleation factors like the Arp2/3 complex. The activity of this complex is controlled through signaling-dependent association with nucleation-promoting factors, such as the WASP/WAVE family proteins (for a review, see Ref. 49) . Using immunofluorescence analysis, we were able to demonstrate accumulation of the Arp2/3 complex during uptake of Group A streptococci into human endothelial cells. Arp2/3 is recruited to nascent phagosomes prior to complete closure (Fig. 9) . Co-localization of Rac1 and F-actin at sites of bacterial engulfment allows us to assume that recruitment of Arp2/3 is coincident with phagocytosis. These results suggest a "classical" scenario, in which activated Rac1 might stimulate Arp2/3 via activation of WAVE proteins as it was shown for the invasion of polarized epithelial cells by Salmonella typhimurium (53) and recently for the invasion of Chlamydia trachomatis (54) . In an alternative scenario, WASP family proteins are activated in a Cdc42-dependent manner and in turn activate the Arp2/3 complex. Therefore, it will be highly interesting to study in the future the precise mechanisms of how M3 GAS strains induce activation of the actin polymerization machinery and elucidate the role of Cdc42 within this process.
The present study, thus, provides new insights into the intracellular signaling mechanisms used by serotype M3 GAS strains to enter endothelial cells, a process that is essential for further trafficking through the vasculature and subsequent dissemination into deeper tissues. Further studies on the streptococcal components and their cellular receptors involved in this interaction should provide clues for a detailed understanding of the molecular mechanisms of invasive S. pyogenes infections.
